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(57) ABSTRACT

Food waste streams may be managed efficiently with a waste-
processing facility, which in some embodiments may be co-
locating a food distribution facility. The waste processing
facility includes a pulper fluidly connected to an input con-
figured to receive a heterogeneous waste stream including
biodegradable and non-biodegradable components, the
pulper configured to mechanically de-fiber the biodegradable
component and form a de-fibered biodegradable material, and
an anaerobic membrane bioreactor fluidly connected down-
stream of the pulper and configured to produce biogas and
anaerobic effluent from the de-fibered biodegradable mate-
rial.
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WASTE RECOVERY, CONVERSION, AND
UTILIZATION

RELATED APPLICATIONS

This application is a continuation in part of, and claims the
benefit under 35 U.S.C. §120 of U.S. application Ser. No.
12/424,785, titled “WASTE DISTRIBUTION, CONVER-
SION, AND UTILIZATION,” filed on Apr. 16, 2009, which is
herein incorporated by reference in its entirety.

TECHNICAL FIELD

In various embodiments, the present disclosure relates to
waste recovery and conversion, and more particularly to
improved methods and systems for recovering biodegradable
waste for conversion into useful products.

BACKGROUND

In nature, plants extract nutrients from the soil to fuel their
growth and, if not consumed, decompose into simpler forms
of matter (for example, CO, and soil nutrients), which
become energy for the next generation of growing plants. As
such, natural organic processes provide a “closed-loop” sys-
tem of energy and nutrient cycles.

In contrast, in the food industry, waste is abundant. Gov-
ernment studies show that over 40% of the food produced in
the U.S. goes to waste, and traditional waste-disposal prac-
tices bury over 90% of this waste in landfills, which in turn
releases methane, which is more harmful than CO, as a green-
house gas. This “cradle-to-grave” system has over-taxed local
landfills and has resulted in a growing movement to ban food
waste from landfills. In addition, increased disposal site dis-
tances, combined with rising energy prices, make transport-
ing waste a costly proposition. This system of waste disposal
has also encouraged farmers to purchase increasingly expen-
sive and environmentally harmful chemicals in order to
replace soil nutrients lost due to industrial farming practices.
The result is an “open-loop” system that does not properly
value or recover waste.

SUMMARY

In various embodiments, the present invention relates to
systems and methods that use waste-conversion technology
to turn previously discarded food waste and other biodegrad-
able waste into fertilizer and/or energy. More particularly,
waste-conversion methods can be used to generate energy
usable by the waste generator (for example, supermarkets and
restaurants) and/or provide a source of affordable fertilizer
for local farmers. As a result, economic and environmental
value may be recovered from previously discarded waste
efficiently and economically.

In one embodiment, there is provided a waste processing
system. The system comprises an input configured to receive
a heterogeneous waste stream including biodegradable and
non-biodegradable components, a pulper fluidly connected to
the input, the pulper configured to mechanically de-fiber the
biodegradable components of the heterogeneous waste
stream to form a de-fibered biodegradable material, and an
anaerobic membrane bioreactor fluidly connected down-
stream of the pulper.

In accordance with one aspect, the system further com-
prises a separator having an inlet in fluid communication with
the pulper and having an outlet in fluid communication with
the anaerobic membrane bioreactor.
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In accordance with another aspect, the system further com-
prises a recycling system configured to direct permeate gen-
erated from the anaerobic membrane bioreactor to the pulper.

In accordance with another aspect, the system further com-
prises a solubilization reactor having an input in fluid com-
munication with the pulper and having an outlet in fluid
communication with the anaerobic membrane bioreactor.

In accordance with another aspect, the system further com-
prises a solubilization reactor having an input in fluid com-
munication with the separator and having an outlet in fluid
communication with the anaerobic membrane bioreactor.

In accordance with another aspect, the system further com-
prises a sludge dewatering system having an input fluidly
coupled to the anaerobic membrane bioreactor.

In accordance with another aspect, the system further com-
prises a biogas collector configured to collect biogas pro-
duced in the anaerobic membrane bioreactor.

In another embodiment, there is provided a method of
processing a waste stream. The method comprises receiving a
heterogeneous waste stream including biodegradable waste
and non-biodegradable waste at a waste processing facility,
separating the biodegradable waste from the non-biodegrad-
able waste, mechanically de-fibering the biodegradable waste
at a predetermined temperature in a pulper to form a de-
fibered biodegradable waste, and anaerobically digesting the
de-fibered biodegradable waste in an anaerobic membrane
bioreactor to produce biogas, permeate, and anaerobic efflu-
ent.

In accordance with one aspect, the method further com-
prises using energy generated from the biogas to heat the
pulper to the predetermined temperature.

In accordance with another aspect, the method further
comprises adjusting a solids loading in the pulper to a prede-
termined level. In accordance with another aspect, the solids
loading of the pulper is adjusted to the predetermined level by
recycling liquid extracted from the permeate produced by the
anaerobic membrane bioreactor to the pulper.

In accordance with another aspect, the method further
comprises solubilizing the de-fibered biodegradable waste in
a solubilization reactor prior to anaerobically digesting the
de-fibered biodegradable waste.

In another embodiment, there is provided a waste recovery,
conversion, and distribution system. The system comprises a
food distribution facility, a food retailing facility, and a waste
processing facility. The waste processing facility comprises
an input configured to receive a heterogeneous waste stream
including biodegradable and non-biodegradable compo-
nents, a separator configured to separate the biodegradable
components from the non-biodegradable components, a
pulper fluidly connected to the input, the pulper configured to
mechanically de-fiber the biodegradable components of the
heterogeneous waste stream to form a de-fibered biodegrad-
able material, and an anaerobic membrane bioreactor fluidly
connected downstream of the pulper, the anaerobic mem-
brane bioreactor configured to produce biogas and anaerobic
effluent from the de-fibered biodegradable material. The
waste recovery, conversion, and distribution system further
includes a shared transportation infrastructure configured to
deliver food from the food distribution facility to the food
retailing facility and to deliver the heterogeneous waste
stream from the food retailing facility to the waste processing
facility.

In accordance with one aspect, of the system, the food
distribution facility is co-located with the waste processing
facility.
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In accordance with another aspect of the system, the shared
transportation infrastructure comprises bioaugmented waste
shipping containers.

In accordance with another aspect of the system, the waste
processing facility is co-located with the food retailing facil-

ity.
BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are not intended to be drawn
to scale. In the drawings, each identical or nearly identical
component that is illustrated in various figures is represented
by a like numeral. For purposes of clarity, not every compo-
nent may be labeled in every drawing. In the drawings:

FIG. 1 is a block flow diagram of an exemplary system for
distributing food products and collecting and processing het-
erogeneous waste in accordance with one embodiment;

FIG. 2A is a schematic view of an anaerobic digestion
process in accordance with one embodiment;

FIG. 2B is a table of digestate attributes for materials
processed by a biodegradable-waste-processing facility, in
accordance with one embodiment;

FIG. 3 is a schematic view of a waste-processing facility in
accordance with one embodiment;

FIG. 4 is a schematic view of a pulper and contaminant
removal system in accordance with one embodiment;

FIGS. 5A and 5B are schematic views of anaerobic mem-
brane bioreactors in accordance with various embodiments;

FIG. 6 is a schematic view of a remote telemetry system for
a waste-processing facility in accordance with one embodi-
ment;

FIG. 7 illustrates a computerized control system which
may be utilized in one or more embodiments; and

FIG. 8 illustrates a storage system that may be used with
the computerized control system of FIG. 7 in accordance with
one or more embodiments.

DESCRIPTION

This invention is not limited in its application to the details
of construction and the arrangement of components set forth
in the following description or illustrated in the drawings. The
invention is capable of other embodiments and of being prac-
ticed or of being carried out in various ways. Furthermore, it
is to be understood that the features of the various embodi-
ments described herein are not mutually exclusive and can
exist in various combinations and permutations. Also, the
phraseology and terminology used herein is for the purpose of
description and should not be regarded as limiting. The use of
“including,” “comprising,” “having,” “containing,” “involv-
ing,” and variations thereof herein is meant to encompass the
items listed thereafter and equivalents thereof as well as addi-
tional items.

In general, the present disclosure relates to the recycling of
biodegradable waste to create fertilizer and energy. It allows
biodegradable waste generators to turn what was once a
liability (for example, food waste to be discarded) into valu-
able resources. Various embodiments utilize existing trans-
port infrastructure to transport the waste, thus facilitating
recycling at little or no additional cost or environmental
impact. By integrating waste-conversion technology with
existing transport infrastructure, distributed energy genera-
tion units, and/or automation and remote management capa-
bilities, certain embodiments provide an all-in-one waste
management solution.

Biodegradable waste generators that may benefit from the
systems and methods described herein include food retailers,
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such as supermarkets, food processors, restaurants, and can-
teens. Slim profit margins, high waste fees, and limited stor-
age space, as well as image consciousness may drive these
waste generators to seek clean technology solutions for waste
management. Various embodiments of the invention allow
them not only to minimize the amount of waste to be disposed
of, but also to benefit from waste conversion into fertilizer and
renewable energy. Some food waste generators can separate
biodegradable from non-biodegradable waste, but at a signifi-
cant cost, both in time, labor, and money. In various embodi-
ments described herein the need to separate biodegradable
from non-biodegradable waste prior to processing is reduced,
and in some embodiments, eliminated. Some embodiments
disclosed herein enable the processing of heterogeneous
waste streams that include both biodegradable and non-bio-
degradable materials. Non-biodegradable material, as the
term is used herein, includes material which biodegrades only
slowly, for example, on time-scales which render its process-
ing in a bioreactor unfeasible.

Food retailers are often supplied from a central distribution
facility that receives the food products from a producer or
wholesaler. Food products, as the term is used herein,
includes, but is not limited to, fresh produce such as fruit and
vegetables, grains, dairy products, meats, shelf-stable or con-
tainerized foods (for example, cartonned, canned, or bagged
goods), as well as animal feed. In general, the distribution
facility collects the food products from a producer, such as a
farmer, wholesale distributor, or food factory, and ships the
required quantities of food products to the retailer by truck,
freight train, or other appropriate shipping means.

The increased development of central business districts
encircled by suburban areas, the increasing mobility of soci-
ety, and decreased cooking at home have led to significant
growth in the commercial food sector, including an increase
of commercial areas containing high densities of restaurants,
and an increase in ready-to-eat meals sold in supermarkets.
As aresult, residual fats, oils, and grease (FOG) production
through, for example, ware washing, floor cleaning, and
equipment sanitation, has increased.

Some embodiments disclosed herein are utilized to dispose
of and/or transform into useful products or energy, FOG,
which is a by-product that many food service, sales, and
generator establishments need to manage. FOG occurs natu-
rally in many foods such as meat. Oil and grease are also
incorporated as ingredients into many recipes for bread, sal-
ads, and desserts, and are used as a medium for frying food.
Thus, FOG is generated as a consequence of cooking.

Sanitary sewer systems are neither designed nor equipped
to handle the FOG that accumulates on the interior of the
municipal sewer collection system pipes. To prevent FOG
from reaching the sanitary sewer, a grease trap or grease
separation device may be utilized. A grease separation device
is a chamber or underground tank designed to let wastewater
pass through, but to retain free or emulsified oil. FOG forms
a free-floating layer on the water which can be removed by
liquid waste haulers. The material that is collected is often
difficult and expensive to dispose of. Providing a central
location where supermarkets or their partners can dispose of
their FOG may facilitate a reduction in waste management
costs as compared with previously practiced methods.

In some embodiments disclosed herein, FOG that was pre-
viously disposed of separately from other types of waste can
be handled together with the other types of waste. FOG may
be blended into a heterogeneous waste stream so as to make
up a portion of the chemical oxygen demand (COD) of the
waste. This waste is then, in some embodiments, fed into a
treatment system. In some embodiments, the treatment sys-
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tem includes an anaerobic digester. In some embodiments,
the anaerobic digestion of the waste produces useful materi-
als, such as fertilizer and/or soil amendment and, in other
embodiments, biogas, that may be utilized for energy produc-
tion or processed into other useful products. Biogas typically
comprises methane and carbon dioxide as well as small
amounts of other gasses such as nitrogen, hydrogen, carbon
monoxide, hydrogen sulfide, and/or water vapor. In some
embodiments, the waste processing facility may also include
an aerobic waste treatment system, for example, a compost-
ing system for the production of products such as soil amend-
ment. The synergy created by a central anaerobic digestion
facility that handles both heterogeneous waste and FOG
serves to consolidate the biodegradable wastes. Moreover,
FOG has a significant potential for biogas production.

FIG. 1 illustrates an exemplary system 100 that integrates
the delivery of food products to a retailer with the removal of
waste from the retailer. The waste treatment facility, in some
embodiments, is designed to process both biodegradable and
non-biodegradable waste. In some embodiments, waste is
provided to the waste treatment facility as a heterogeneous
waste stream, including both biodegradable and non-biode-
gradable waste. In the embodiment of FIG. 1, a waste-pro-
cessing facility 110, described in more detail below, is located
ator near (also referred to herein as “co-located” with) a food
product distribution and/or manufacturing facility 120. In
some embodiments, the waste processing facility 110 may be
located within a same building as the food product distribu-
tion and/or manufacturing facility 120. In other embodi-
ments, the waste processing facility 110 may be located
within a same industrial park or campus as the food product
distribution and/or manufacturing facility 120. In some
municipalities, local ordinances may dictate a minimum dis-
tance that a waste processing facility 110 must be separated
from a food product distribution and/or manufacturing facil-
ity 120. Thus, as used herein, for two facilities to be “co-
located” means that they are located approximately as physi-
cally proximate each other as permitted by applicable
ordinances or regulations. In other embodiments, the waste
processing facility 110 and the food product distribution and/
or manufacturing facility 120 need not be co-located.

In one embodiment, in operation, food products 130 are
transported, for example, by rail or truck, from a producer 140
to the distribution and/or manufacturing facility 120 for pack-
aging, processing, and/or distribution to one or more retailers
150. Once the food products have been delivered to a retailer,
waste 160 stored by the retailer (including, for example,
spoiled and/or unsold produce, packaging material, FOG,
non-saleables, and other associated waste), is transported to
the waste-processing facility 110. In some embodiments, bio-
degradable waste is stored by the retailer in a refrigerated or
frozen form to limit or prevent decomposition prior to being
sent to the waste processing facility 110. In some embodi-
ments, the same transportation infrastructure may be utilized
for the delivery of food products from the distribution facility
120 and the return of waste to the waste processing facility
110. As used herein the term “transportation infrastructure”
includes vehicles such as rail cars, trucks, or ships, which may
be utilized to transport food or waste; the routes, roads, rails,
waterways, and the like upon which these vehicles may
travel; as well as any containers which may be used to trans-
port the food products or heterogeneous waste. As a result of
using the same transportation infrastructure for the delivery
of food products from the distribution facility 120 and the
return of waste to the waste processing facility 110, in some
embodiments, the waste 160 is transported to the waste-pro-
cessing facility 110 with substantially no additional environ-
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mental impact, and little or no additional cost, as this occurs
on the return of an existing delivery. In other embodiments,
different transportation infrastructures, for example, different
sub-sets of a truck fleet are utilized for the delivery of food
products 130 and the transportation of waste 160. In some
embodiments the same containers are used for both the deliv-
ery of food products and the return of heterogeneous waste.
For example, if cardboard boxes are used to deliver food
products to a retailer, the retailer may use these same card-
board boxes to package biodegradable and/or non-biodegrad-
able waste to be sent to the waste processing facility.

In some embodiments, waste 160 is accumulated by a
retailer 150 in containers, which may include portable storage
bins delivered to the retailer 150 by a truck during a food
product delivery. In other embodiments, dedicated waste con-
tainers, which in some embodiments are re-usable or process-
able with the food waste, are utilized. When these are full,
they are collected for return to the waste-processing facility
110, in some embodiments on a return trip of a truck after a
subsequent food product delivery. As a result, trucks deliver
empty storage bins as part of a regularly scheduled delivery
and collect loaded waste-storage bins for return to the waste-
processing facility on the return trip. The storage bins may
therefore be repeatedly reused as part of the delivery and
recycling process. In other embodiments, the storage bins are
collected and delivered independently of the delivery of food
product. The storage bins may be manufactured from a mate-
rial or materials including, but not limited to, plastics, metals,
cardboard, or other appropriate materials.

In certain embodiments, the waste storage/transport bins
are bioaugmented to facilitate pretreatment of the waste in the
bins during transport. For example, the bins may contain one
or more types of bioaugmentation agents including enzymes,
enzyme-secreting fungus (such as trichoderma reesei, a
mesophilic and filamentous fungus having the capacity to
secrete large amounts of cellulolytic enzymes), or other
microorganisms. In some embodiments, these bioaugmenta-
tion agents begin degrading the organic material within the
waste storage/transport bin itself. If different types of waste
are stored separately, type-specific pretreatment may be per-
formed. Meat waste may be treated, for example, with lipase
enzyme, and produce waste with white-rot fungus or tricho-
derma reesei. In some embodiments, a bioaugmentation
agent is manually added to a waste bin when the bin has
become full. In other embodiments, a bioaugmentation agent
may automatically be released upon the filling of the waste
bin. For example, a crushable container made of plastic or
other material is present in the waste bin and is crushed open
upon a certain weight of material being added to the waste
bin, releasing the bioaugmentation agent. In some embodi-
ments, the bins may include vents to allow any gasses gener-
ated during the breakdown of the waste within the bin to be
released.

Once the waste has been returned to the waste-processing
facility 110, the biodegradable fraction can be processed into
fertilizer 170 and biogas 180. By co-locating the waste pro-
cessing facility 110 with the distribution facility 120, waste
160 from multiple retailers 150 can be processed centrally by
a single processing facility 110. Furthermore, in some
embodiments, because the waste 160 is transported to the
distribution facility 120 on the return leg of scheduled deliv-
eries to the retailers, this occurs without incurring additional
transport costs.

In some embodiments, the waste-processing facility 110
includes one or more waste-processing units. The waste pro-
cessing units may include one or more of, for example, pre-
screening units, waste de-fibering units, pulpers, systems
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designed to separate biodegradable from non-biodegradable
waste, solubilization reactors, bioreactors, membrane filtra-
tion systems, gas collection systems, and fertilizer processing
sub-systems. In some embodiments, the waste processing
units form more than one waste processing line. Each waste-
processing line may include automatic systems that produce
fertilizer and energy (for example, biogas) from organic
waste, with few or no byproducts. In one embodiment, the
waste-processing facility 110 includes a single, stand-alone
waste-processing unit. In an alternative embodiment, a num-
ber of coupled or separate waste-processing units may be
utilized, depending upon the volume of waste being pro-
cessed and the requirements of the system. Alternatively,
different processing units may be linked in series or in parallel
to produce the required quantities of fertilizer 170, biofuel
185, which in some embodiments may include processed
biogas, and electrical energy 190 for the particular facility.

Fertilizer 170 derived from the biodegradable waste 160
may contain elements, such as micronutrients, that improve
soil health and structure and that are not found in synthetic
fertilizers. The fertilizer 170, in various embodiments,
includes one or more of composted biodegradable waste,
processed fertilizer pellets, or liquid fertilizer. In some
embodiments, a fertilizer processing system may be co-lo-
cated with the waste processing facility 110 to process mate-
rial output from the waste processing facility 110 into a
desired form of fertilizer 170. In other embodiment, a fertil-
izer processing facility is located off site from the waste
processing facility 110 and materials produced from the
waste processing facility are transported thereto for process-
ing. In further embodiments, materials produced from the
waste processing facility 110 are sold directly to consumers
or distributers of fertilizer. In some embodiments, the fertil-
izer 170 generated by the waste-processing unit 110 is dis-
tributed to the producers 140 (for example, local farmers)
utilizing the same transportation infrastructure that is used to
pick up the food products 130 from the producer 140 and
deliver it to the distribution facility 120. This allows further
exploitation of existing transport infrastructure in delivering
the fertilizer 170 to the producer 140 without incurring addi-
tional transport costs, and therefore without additional envi-
ronmental impact. This fertilizer 170 may then be used by the
farmer to fertilize crops for subsequent distribution and sale.

In some embodiments, biogas 180 is generated in the
waste-processing facility. In some embodiments, this biogas
comprises gas formed as a byproduct of the anaerobic diges-
tion of biodegradable waste. In some embodiments, the bio-
gas 180 is collected from an anaerobic digestion system and
sold to consumers, packagers, and/or distributors of biogas.
In other embodiments, the waste processing facility 110
includes systems capable of converting the biogas to biofuel
185 (in gas, liquid, or solid form) and/or electrical energy 190.
In some embodiments, the biofuel 185 is sold to consumers,
packagers, and/or distributors of biofuel. The electrical
energy 190 is, in some embodiments, used directly to power
the waste-processing facility 110. In other embodiments,
electrical energy 190 generated by the waste processing facil-
ity 110 is distributed through the electrical grid. Heat or other
forms of utilizable energy may also be generated by the
processing facility 110 in addition to, or in place of; electrical
energy.

In an alternative embodiment, a stand-alone waste-pro-
cessing system is installed at the site of a waste generator (for
example, a produce retailer such as a supermarket). The sys-
tem may be utilized with little operational deviation from
current waste-handling practices while allowing the retailer
to process the waste directly. In this embodiment, any elec-
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trical energy or fuel generated by the processing facility may
be utilized directly by the retailer, sold to a distributor or
consumer, or distributed through the electrical grid. Fertilizer
produced by the waste-processing facility can be delivered to
a distributor or a producer of produce through existing trans-
port infrastructure, for example, by shipping the fertilizer to a
produce distribution facility using a fleet of trucks also used to
deliver produce to the retailer, and/or using a fleet of trucks
used to pick up produce from the producer and transport it to
the distribution facility. In an alternative embodiment, the
retailer can sell the fertilizer directly at its site. The fertilizer
is in some embodiments in the form of a soil amendment such
as compost which consumers may pick up directly from the
retailer. In other embodiments, materials formed in the waste
processing system may be further processed, either on site at
the retailer, or at a separate facility, into forms such as pellet-
ized or liquid fertilizer.

Use of the systems and methods described herein may
create value for users in the form of avoided costs and/or
saleable byproducts. The primary avoided costs are, for
example, electricity, waste management, depreciation, trans-
portation fuel, and heat. Benefits may also be derived through
government-based subsidies such as renewable energy cred-
its (RECs) and carbon credits. Favorable public-relations
opportunities may also be gained. In addition, revenue may be
created directly through the sale of the fertilizer, electrical
energy, and/or fuel produced by the waste processing facility.

FIG. 3 depicts a waste processing facility 110 in accor-
dance with one embodiment of the present disclosure. The
waste processing facility 110 includes, in some embodi-
ments, apparatus which separates biodegradable from non-
biodegradable components. The waste processing facility, in
accordance with some embodiments, includes one or more
operational units in one or more waste processing lines. These
operational units perform operations such as, prescreening
waste to be treated, breaking apart containers (for example,
cans, bags, or boxes) in which biodegradable waste delivered
to the facility is contained, solubilizing waste, removing par-
ticulates such as stones, sand, or grit from waste to be treated,
mechanically breaking down waste, biologically breaking
down waste, and recovering water and/or other liquids from
the waste stream. The waste processing facility, in some
embodiments, also may include one or more of systems for,
for example, producing and capturing biogas from the treated
waste, producing heat and/or electricity, and for producing
compost and/or fertilizer from the waste.

In some embodiments, the facility 110 includes an input,
which may, in some embodiments, include a staging area. In
other embodiments, the input to the waste processing facility
may comprise a bag opener such as the bag opener 312. In
some embodiments, the bag opener 312 is configured to rip
plastic and other packaging material, utilizing, for example,
weak shear forces, milling, cutting, or any other known
mechanism, to release biodegradable waste contained
therein. After passing through the bag opener 312, the waste
is conveyed to a system for mechanically breaking down the
waste, for example a pulper 310, where the biodegradable
material is de-fibered. “De-fibering,” as used herein, encom-
passes a process wherein loose molecular bonds in organic
materials, such as paper, produce, processed foods, meat,
FOG, and the like are mechanically broken such that the
material is broken apart into fibrous components.

FIG. 4 illustrates an exemplary pulper 310 and contami-
nant removal system. The pulper 310 is used to mechanically
break down (or de-fiber) the waste stream delivered from the
bag opener into a pulp (a liquid suspension). The pulper, in
some embodiments, includes a container into which the het-
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erogeneous waste and a fluid, such as water, are introduced,
and a stirring or blending mechanism, such as stiffing blades
or a rotor which are used to agitate the heterogeneous waste
and fluid in the container. In some embodiments, the pulper
310 may include a tank 400, or stator, for holding the hetero-
geneous waste feedstock, and one or more rotors 402, for
example, one or more helical screw-type rotors, inside the
stator for generating hydraulic shear to de-fiber the waste into
apulp. The rotor or rotors are driven by a motor 404. Pulping,
as opposed to shredding, the waste largely preserves non-
biodegradable waste components while de-fibering the bio-
degradable material. As a result, the non-biodegradable con-
taminants are left largely intact and can readily be separated
from the pulp suspension. In addition, preserving the struc-
tural integrity of these contaminants avoids the release of
toxins that could otherwise result from their destruction.

The pulper may process waste in batches or, in some
embodiments, continuously. In one embodiment in which the
pulper operates in a batch mode, the pulper operates accord-
ing to the following operational sequence. First, a desired
amount of waste is added to the tank 400 along with a fluid,
such as hot water which is at a temperature sufficient to
facilitate the de-fibering of biodegradable waste in the pulper.
The water may, in some embodiments, be heated to between
about 110° F. and about 190° F., and in other embodiments, to
between about 130° F. and about 170° F. In some embodi-
ments, the water is heated to a temperature of about 150° F. In
some embodiments, sufficient waste and fluid are added to the
pulper tank 400 to achieve a predetermined solids loading in
the tank. The predetermined solids loading is, in some
embodiments, determined to provide an acceptable level of
operational efficiency of the pulper. For example, in some
embodiments, the pulper may operate efficiently with a solids
loading of less than about 20% by weight. In other embodi-
ments, this predetermined solids loading is between about 6%
and about 16% solids by weight. An optimal solids loading in
the pulper may vary based on the design, size, and power of
the particular pulper utilized as well as the makeup of the
heterogeneous waste to be treated.

After adequate amounts of hot water and raw heteroge-
neous waste material have been added to the tank 400, the
rotor or rotors 402 are turned on, and the pulper is run until the
biodegradable material is largely broken down or de-fibered.
In some embodiments, the material in the pulper is main-
tained at a predetermined temperature to facilitate de-fibering
of the biodegradable waste during the pulping operation. For
example, it has been shown to be effective to maintain the
pulper at a temperature in the range of temperatures for the
hot water discussed above during operation. Nearly full
mechanical breakdown, or de-fibering, of the biodegradable
waste may be achieved in, for example, 20 minutes or less,
depending on the amount and type of waste being processed.
The time to achieve a desired level of breakdown of the
biodegradable material varies with the temperature of the
pulper, the power of the motor 404, and the speed of operation
of the rotor 402. Different degrees of breakdown may be
desired depending upon the types of processing operations
that are performed downstream from the pulper in different
embodiments. In some embodiments, the pulper produces a
pulp (a liquid suspension) comprising the de-fibered waste
with a solids concentration slightly less than, for example 1%
less than the solids concentration of heterogeneous waste and
water introduced into the pulper. This is because the non-
biodegradable material in the heterogeneous waste stream
(that is not included in the pulp) often has a density approach-
ing that of water. In embodiments wherein a significant
amount of particularly dense non-biodegradable waste is
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present in the heterogeneous waste stream, the difference in
solids loading between the heterogeneous waste and water
mixture introduced into the pulper and the pulp produced
would be greater than embodiments in which the heteroge-
neous waste steam included little and/or less dense non-bio-
degradable components.

Once the biodegradable material is mechanically hydrau-
lically de-fibered to a desired level, the pulped material is
removed from the tank 400 and sent on for downstream pro-
cessing. In some embodiments, a discharge pump 406 is
turned on to allow large fractions of the pulped material to
leave the pulper through a perforated bedplate (not shown)
located underneath the rotor 402. The bedplate perforations
may be of any of multiple different configurations, shapes,
and sizes suitable to a particular operation. For example, the
bedplate perforations are, in some embodiments, circular, and
in other embodiments, elongated, while in other embodi-
ments, the bedplate perforations may be polygon shaped. The
bedplate perforations are, in different embodiments, sized
differently depending on the type of waste processed. While
the pulped material passes through the bedplate, most con-
taminants are held back due to their size. In some embodi-
ments, the perforations are sized such as to retain non-biode-
gradable waste within the pulper while allowing the
de-fibered biodegradable waste (the pulp) to pass. For
example, in embodiments where it is expected that non-bio-
degradable portions of the heterogeneous waste stream would
not be broken into pieces smaller than about an inch in diam-
eter, the bedplate perforations could be sized slightly smaller
than an inch in diameter to retain the non-biodegradable
components in the pulper tank. In other embodiments, for the
processing of food waste from retailers, a bedplate with ¥16-
inch or %-inch diameter perforations may be used. In other
embodiments, the pulped material may leave the pulper tank
400 by a gravity drain, or in some embodiments, using a
different transportation mechanism, such as a flat belt con-
veyor or a screw type conveyor. A screen is used in some
embodiments to hold larger portions of the pulped material
back from the conveyor and retain these portions in the pulper
tank 400. Once a desired amount, for example, a majority, of
the pulp suspension has been removed, the remaining pulped
material may be diverted to a secondary separator.

To facilitate the process of transporting the remaining
pulped material from the pulper tank to the secondary sepa-
rator, the tank may be refilled with hot water. In some embodi-
ments, hot water is added to the pulper tank until the tank is
partially filled, for example, filled up to about a third of its
height. Then, a side valve 408 of the pulper tank 400 is
opened, and the remaining pulped waste is discharged. Sepa-
ration hardware 410 (for example, one or more of a rotary
sieve, a basket filter, a vibrating screen, a drum screen, or a
rotating filter) is used to filter the contaminants, and recycle
the water, including any residual pulped biodegradable mate-
rial, to the pulper. Then, the side valve is closed, and the next
batch of waste can be processed. Material that is not broken
down by the pulper and/or separation hardware 410 is in some
embodiments removed from the separator and disposed of,
for example, in a landfill. In some embodiments, the material
not broken down by the pulper and/or separation hardware
410 is dewatered prior to disposal. The liquid obtained in this
dewatering operation may be reused in, for example, the
pulper, or may be sent on for further processing to produce
fertilizer, and in some embodiments, purified water, such as
water suitable for irrigation or drinking.

Non-biodegradable materials may be subdivided into light
and heavy fractions. In some embodiments, a “light fraction”
(for example, plastics, waxed cardboard, and/or styrofoam)
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and a “heavy fraction” (for example, metal, glass, and/or
batteries) of contaminants are moved separately from the
pulper. The heavy fraction may be collected. In some embodi-
ments, the collection mechanism may include a flushed trap
located on the bottom of the pulper. Rotating scrapers may
continuously scrape settled heavy material towards the trap.
The trap may be configured with an upper and lower gate,
wherein the lower gate includes the bedplate. When the lower
gate is closed and the upper gate is open, heavy material is
collected in the trap. By flushing the trap with process water,
organic build-up may be prevented, and the collected mate-
rials cleaned. When the upper gate is closed and the lower gate
opened, the heavy waste is discharged from the trap and
conveyed to a disposal bin. The light fraction, which prima-
rily contains for example, mixed plastics, foams, and other
buoyants, may be captured with a mechanically operated rake
submerged into the pulp. Alternatively or additionally, the
light waste may be discharged through a side valve, as
described above.

With renewed reference to FIG. 3, the pulper 310 may
separate a contaminant stream 314 from a suspension of
pulped biodegradable waste 316. The contaminants 314 are,
in some embodiments, filtered through a screen 318, com-
pacted in a press 320, and shipped off for recycling or dis-
posal. The pulped biodegradable waste 316 is transferred to
downstream equipment for further processing. In some
embodiments, this downstream equipment includes an
anaerobic membrane bioreactor (an AnMBR) 300. Anaerobic
digestion is the breakdown of organic material by microor-
ganisms in the absence of oxygen. Although this process
occurs naturally in landfills, anaerobic digestion usually
refers to an artificially accelerated operation that processes
biodegradable waste to produce biogas rich in methane and
carbon dioxide, and a digestate which may comprise an
anaerobic effluent and/or a stable solid residue.

The suspension of pulped biodegradable material 316 may
contain small pieces of sand and grit, which are non-biode-
gradable and could clog or damage the membrane(s) of the
AnMBR 300. In some embodiments, the waste-processing
facility may further include a separator such as a grit removal
apparatus 322 between the pulper and the AnMBR 300. The
grit removal apparatus 322 may, for example, be a hydrocy-
clone which separates grit from the suspension by centrifu-
gation. Sand and grit are diverted to the bottom of the hydro-
cyclone, where they fall into a screw conveyor, and are
transferred into a container for disposal. In alternate embodi-
ments, one or more other forms of grit removal apparatus may
be utilized instead of, or in addition to a hydrocyclone. This
grit removal apparatus includes, in some embodiments, one
or more of a clarifier, a settling tank, a dissolved air flotation
system, and a static filter.

The grit-free suspension of pulp may be further mechani-
cally or hydraulically solubilized in a solubilization reactor
324, or may instead be directly transferred to the AnMBR
300, depending on the level of disintegration of the material
achieved in the pulper. In the AnMBR 300, microorganisms
digest the biodegradable pulp into biogas and an anaerobic
effluent. The AnMBR 300 includes a bioreactor 326, and a
membrane filtration unit 328 submerged in the suspension.
The membrane unit 328 performs biomass retention and gas/
liquid/solids separation functions. In some embodiments,
illustrated in FIGS. 3 and 5A, the membrane unit 328 is
separate from the bioreactor 326, requiring the suspension to
be pumped through the membrane unit 328. In other embodi-
ments, as illustrated in FIG. 5B, the membrane unit 328 is
located inside the bioreactor 326. In some embodiments, the
membrane filtration unit 328 uses a flat sheet filtration mem-
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brane. In other embodiments, the membrane filtration unit
328 utilizes a plurality of hollow fiber filtration membranes.
Other forms of filtration membranes are utilized in different
embodiments, and the embodiments of the present disclosure
are not limited to any particular type of membrane filtration
unit or membrane bioreactor.

The AnMBR 300 provides for anaerobic digestion of bio-
degradable waste in the waste stream, which further breaks
down the waste stream and in some embodiments, produces
valuable by-products. An exemplary anaerobic digestion pro-
cess for use in a processing facility is shown in FIG. 2A. The
digestion process begins with bacterial hydrolysis of the input
materials, which breaks down insoluble organic polymers,
such as carbohydrates and proteins, and makes them available
for other bacteria. Acidogenic bacteria then convert the sugars
and amino acids into carbon dioxide, hydrogen, ammonia,
and organic acids, and acetogenic bacteria convert the result-
ing organic acids into acetic acid, along with additional
ammonia, hydrogen, and carbon dioxide. Finally, methano-
gens are able to convert these products to methane and carbon
dioxide. The remaining non-digestible material forms the
digestate, which is typically rich in nutrients.

FIG. 2B shows a table listing digestate attributes for exem-
plary materials processed by a biodegradable waste process-
ing facility. As shown in FIG. 2B, synthetic fertilizers typi-
cally contain only the mineral nutrients potassium,
phosphorous, and nitrogen. In contrast, effluent generated
from anaerobically digested biological waste materials
includes additional nutrients such as zinc, molybdenum,
manganese, chloride, iron, etc. Thus, it can be seen that efflu-
ent generated from anaerobically digested biological waste
materials may serve as a richer source of mineral nutrients for
agricultural applications than traditional synthetic fertilizers.

The success of waste treatment by anaerobic digestions is
affected by the effectiveness of biomass retention. Standard
reactor designs like continuously stirred reactors (CSTR) and
plug-flow reactors (PFR) are susceptible to washout of the
microbial mass, and are thus, absent any biomass retention
apparatus, generally unsuitable for processing biodegradable
waste. For certain wastewaters, biomass retention times can
be increased through biomass granulation and/or biofilm for-
mation. These biomass-retaining processes, however, typi-
cally work only for narrow ranges of hydraulic flow rates, and
suitable concentrations of nutrients and suspended solids.

Anaerobic membrane bioreactors provide alternative
means for achieving nearly complete biomass retention, irre-
spective of the capacity of the biomass to form biofilms of
granules, as compared to, for example, an Uptlow Anaerobic
Sludge Blanket (UASB) reactor. An AnMBR utilizes one or
more micro-filtration or ultra-filtration membranes to physi-
cally retain biomass inside the reactor, thereby eliminating
the risk of biomass washout. More generally, the membrane
acts as a filter passing solubilized components, but retaining
solids of dimensions greater than a pore size of the mem-
brane(s). As a result, solids retention and hydraulic retention
times are decoupled, whic